Introduction
============

Increasing evidence indicates that abnormal growth of glomerular mesangial cells (MCs) is an early event in various glomerular diseases ([@b1-mmr-14-05-4638],[@b2-mmr-14-05-4638]). The stimulation of MC proliferation in response to glomerular injury has been attributed to numerous factors, including high glucose levels ([@b3-mmr-14-05-4638]), renin-angiotensin-aldosterone (Aldo) system (RAAS) overactivation ([@b4-mmr-14-05-4638]) and platelet-derived growth factor ([@b5-mmr-14-05-4638]). Aldo, which is considered to be a dependent risk factor for chronic kidney disease, has become a focus of investigations into the development and progression of these diseases ([@b6-mmr-14-05-4638],[@b7-mmr-14-05-4638]). However, the molecular mechanism underlying Aldo-induced MC proliferation remains to be fully elucidated.

Macroautophagy (hereafter referred to as autophagy) is an evolutionarily conserved catabolic mechanism that is responsible for the maintenance of energy homeostasis. Proteins encoded by autophagy-related genes (Atgs), including Atg5 and Atg7, are critical for the regulation of autophagy ([@b8-mmr-14-05-4638]). The C-terminal carboxyl group of Atg12 is activated by the E1 enzyme Atg7 with consumption of ATP to form a thioester bond with its catalytic cysteine residue, and eventually attaches to the amino group of the lysine residue in Atg5 via an isopeptide bond ([@b9-mmr-14-05-4638]). This process is critical for the formation of the autophagosomal membrane. During autophagy, there may be an increased conversion of microtubule-associated protein 1A/1B-light chain 3 (LC3)-I to LC3-II in mammalian cells. In addition, p62, a selective substrate of autophagy, may serve as a marker of autophagy ([@b10-mmr-14-05-4638]). Autophagy, which contributes to the abnormal proliferation of cancer cells ([@b11-mmr-14-05-4638],[@b12-mmr-14-05-4638]), has also been implicated in the physiological and pathophysiological processes of numerous kidney diseases, including diabetic nephropathy ([@b13-mmr-14-05-4638]), immunoglobulin A nephropathy ([@b14-mmr-14-05-4638]) and aging kidney ([@b15-mmr-14-05-4638],[@b16-mmr-14-05-4638]).

The aim of the present study was to determine whether Aldo induced MC autophagy, and if so, to further examine the role of autophagy in Aldo-induced MC proliferation.

Materials and methods
=====================

### Materials

The HBZY-1 rat MC line was obtained from the Chinese Center for Type Culture Collection (Wuhan, China). Chloroquine (CQ), 3-methyladenine (3-MA) and Aldo were purchased from Sigma-Aldrich; Merck Millipore (Darmstadt, Germany). Mouse anti-β-actin (catalog no. 3700), rabbit anti-Atg5 (catalog no. 12994), rabbit anti-Atg7 (catalog no. 8558), rabbit anti-LC3 (catalog no. 3868) and rabbit anti-p62 (catalog no. 5114) antibodies were purchased from Cell Signaling Technology, Inc. (Danvers, MA, USA). All other chemicals were of analytical grade.

### Cell culture and treatment

Cells were cultured in Dulbecco\'s modified Eagle\'s medium (DMEM; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal calf serum (FCS; Sigma-Aldrich; Merck Millipore), 2 mM glutamine, 100 U/ml penicillin and 100 mg/ml streptomycin, at 37°C in an atmosphere containing 5% CO~2~. Following preincubation in serum-free DMEM for 24 h, cells were treated with 10^−7^ M Aldo for 24 h in DMEM containing 10% FCS in the presence or absence of 10 µM CQ or 2 mM 3-MA. Control group cells treated with an identical volume of PBS.

### Cell proliferation assay

The \[^3^H\]thymidine assay was used as a qualitative index of DNA synthesis, as previously reported ([@b17-mmr-14-05-4638]). Briefly, MCs were plated in 24-well plates and grown to 80% confluence. Cells were stimulated with 10^−7^ M Aldo for 24 h. Subsequently, 1 µCi/ml \[^3^H\]thymidine (PerkinElmer, Inc., Waltham, MA, USA) was added to each well for 3 h. \[^3^H\]thymidine incorporation into trichloroacetic acid-insoluble material was then measured using a liquid scintillation spectrophotometer. To assess cell number, MCs were stimulated in 6-well plates with 10^−7^ M Aldo for 24 h and counted using a Z1-Coulter Counter (Beckman Coulter, Inc., Brea, CA, USA).

### Transient transfection of cells with small interfering (si) RNA

For knockdown experiments, MCs were transiently transfected with siRNA specifically targeting Atg7 or a negative control siRNA using Lipofectamine^®^ 3000 (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer\'s protocol. Cells were transfected with 20 nM Atg7 siRNA (Santa Cruz Biotechnology, Inc., Dallas, TX, USA) or control siRNA (Santa Cruz Biotechnology, Inc.) for 24 h prior to further treatment. Cellular protein was extracted and subjected to Atg7 western blot analysis.

### Western blotting

Total cellular proteins were extracted by lysing cells with buffer containing 150 mM NaCl, 0.1% Triton X-100, 0.5% deoxycholate, 0.1% sodium dodecyl sulfate (SDS), 50 mM Tris-HCl (pH 7.0) and 1 mM ethylenediaminetetraacetic acid. Protein concentrations were determined using the bicinchoninic acid method (Beyotime Institute of Biotechnology, Haimen, China). MC protein extracts (50 µg/lane) were separated by 10% SDS-polyacrylamide gel electrophoresis and were transferred to nitrocellulose membranes. Following blocking with 5% skimmed milk in Tris-buffered saline (pH 7.6) at room temperature for 1 h, the membranes were incubated at 4°C overnight with primary antibodies against LC3 (1:1,000), p62 (1:1,000), Atg7 (1:1,000) and β-actin (1:100). Membranes were then incubated with Alexa Fluor 790-conjugated goat anti-rabbit (1:2,500; catalog no. A27041; Thermo Fisher Scientific, Inc.) or Alexa Fluor 680-conjugated goat anti-mouse (1:5,000; catalog no. A28183; Thermo Fisher Scientific, Inc.) secondary antibodies, at room temperature for 1 h. Protein bands were visualized with the LI-COR Odyssey^®^ protein analysis system (LI-COR Biosciences, Lincoln, NE, USA). The relative intensity of each band was normalized to β-actin using Image J software version 1.48 (National Institutes of Health, Bethesda, MD, USA).

### Statistical analysis

Quantitative data are presented as the mean ± standard deviation. Statistical significance was determined using the unpaired Student\'s t-test or one-way analysis of variance followed by Tukey\'s post-hoc test. SPSS software version 13.0 (SPSS, Inc., Chicago, IL, USA) was used for statistical analysis. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Aldo induces MC proliferation

\[^3^H\]thymidine incorporation and cell counting assays were performed to evaluate MC proliferation. Compared with the control group, 10^−7^ M Aldo significantly increased the proliferation of MCs (P\<0.0001; [Fig. 1A and B](#f1-mmr-14-05-4638){ref-type="fig"}).

### Aldo induces MC autophagy

As presented in [Fig. 2](#f2-mmr-14-05-4638){ref-type="fig"}, incubation with Aldo (10--7 M) for 24 h resulted in an increased conversion from LC3-I to LC3-II (P=0.0003) and increased expression levels of Atg7 (P\<0.0001) compared with the control group, as determined by western blotting. Furthermore, Aldo increased the degradation of a selective substrate of autophagy, p62 (P=0.0017). However, Aldo had no significant effect on the protein expression levels of Atg5 (data not shown). These results suggest that Aldo treatment promoted cellular autophagy in MCs.

### Pharmacological inhibition of autophagy prevents Aldo-induced MC proliferation

Numerous studies ([@b18-mmr-14-05-4638]--[@b20-mmr-14-05-4638]) have described the use of pharmacological agents to demonstrate the involvement of autophagy in the regulation of cell proliferation. 3-MA, which inhibits autophagosomal cargo-sequestration and CQ, which acts on lysosmal function were used to inhibit individual steps of the autophagic pathway. As presented in [Fig. 3A and B](#f3-mmr-14-05-4638){ref-type="fig"}, 3-MA blocked the conversion from LC3-I to LC3-II (P\<0.0001). Conversely, CQ increased the levels of LC3-II/LC3-I. The opposite effects of 3-MA and CQ on the level of LC3-II/LC3-I may be due to the fact that these two inhibitors block autophagy at different points (P\<0.0001). In addition, 3-MA and CQ attenuated Aldo-induced MC proliferation (P\<0.0001; [Fig. 3C](#f3-mmr-14-05-4638){ref-type="fig"}).

### siRNA-mediated knockdown of Atg7 inhibits Aldo-induced MC proliferation

To further support the finding that Aldo induced proliferation via enhancing autophagy, cells were depleted of Atg7 using RNA interference technology, to investigate its impact on Aldo-induced MC proliferation. Atg7 protein expression levels were assessed by western blot analysis. Atg7 (P\<0.0001) and LC3-II/LC-I (P\<0.0001) protein levels were markedly reduced in MCs transfected with siRNA-Atg7 compared with those of control MCs and MCs transfected with control siRNA ([Fig. 4A and B](#f4-mmr-14-05-4638){ref-type="fig"}). Furthermore, Atg7 silencing partially attenuated Aldo-induced MC proliferation (P\<0.0001; [Fig. 4C](#f4-mmr-14-05-4638){ref-type="fig"}).

Discussion
==========

As a critical mediator of the RAAS, plasma and tissue Aldo levels are elevated in patients with hypertension ([@b21-mmr-14-05-4638]), and diabetic and other progressive nephropathies ([@b22-mmr-14-05-4638],[@b23-mmr-14-05-4638]), and may exert various physiological effects ([@b24-mmr-14-05-4638]). Although interruption of the RAAS with angiotensin-converting enzyme inhibitors and angiotensin receptor blockers significantly improves kidney injury, Aldo concentrations 'escape' to baseline during chronic therapy ([@b25-mmr-14-05-4638]). Increasing attention has recently been focused on the role of Aldo in the development and progression of kidney injury.

Elucidating the mechanisms underlying the induction of MC proliferation by Aldo may contribute to the development of novel and effective treatment strategies for glomerular diseases. Huang *et al* ([@b17-mmr-14-05-4638]) demonstrated that Aldo stimulated MC proliferation via the phosphoinositide 3-kinase/protein kinase B signaling pathway and reactive oxygen species-dependent epithelial growth factor receptor intracellular signaling. However, other, as yet unidentified, mechanisms may contribute to this process.

Autophagy is a self-protection mechanism that is triggered in response to harmful stimuli. A primary function of autophagy is to transport the surrounding materials and damaged organelles to lysosomes for degradation, thus enhancing intracellular recycling of degraded metabolites to maintain the energy metabolism cycle of cells. Autophagy fuels cancer cell metabolism ([@b9-mmr-14-05-4638]), and contributes to abnormal proliferation ([@b26-mmr-14-05-4638]), invasion ([@b27-mmr-14-05-4638]), and resistance to chemotherapy and radiation therapy ([@b28-mmr-14-05-4638]). In the present study, Aldo induced autophagy as indicated by the increased expression levels of Atg7, the increased conversion from LC3-I to LC3-II and the increased degradation of p62, which is accompanied by MC proliferation. Notably, pharmacological inhibition of autophagy or siRNA-mediated knockdown of Atg7 attenuated Aldo-induced MC proliferation, thus indicating that autophagy was at least partially responsible for this effect.

In conclusion, the results of the present study may partly explain the mechanism underlying the induction of abnormal MC proliferation by Aldo. The results suggested that autophagy may be a potential therapeutic target for the treatment of experimental mesangial proliferative renal disease. As the present study was performed *in vitro*, further *in vivo* studies are required to determine whether autophagy is involved in Aldo-induced MC proliferation in the kidney.
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![Aldo induced MC proliferation. MC proliferation was evaluated by (A) \[^3^H\]thymidine incorporation and (B) cell counting. MCs were treated with 10^−7^ M Aldo for 24 h. Data are presented as the mean ± standard deviation of six series of experiments. ^\#^P\<0.05 vs. control. Aldo, aldosterone; MC, mesangial cell.](MMR-14-05-4638-g00){#f1-mmr-14-05-4638}

![Aldo induced autophagy in MCs. (A) Western blot analysis revealed the protein expression levels of LC3-II/LC3-I, p62, Atg7 and β-actin following treatment with 10^−7^ M Aldo for 24 h. (B) Quantification of western blotting revealed the increase in LC3-II/LC3-I and Atg7 protein expression levels, and decrease in p62, following Aldo treatment. Results were normalized to β-actin. Data are presented as the mean ± standard deviation of three series of experiments. ^\#^P\<0.05 vs. control. Aldo, aldosterone; MC, mesangial cell; LC3, microtubule-associated protein 1A/1B-light chain 3; Atg7, autophagy-related gene 7.](MMR-14-05-4638-g01){#f2-mmr-14-05-4638}

![Pharmacologically inhibiting autophagy prevented Aldo-induced MC proliferation. (A) Western blot analysis revealed the protein expression levels of LC3-II/LC3-I and β-actin following treatment with 10^−7^ M Aldo in the presence or absence of 3-MA or CQ for 24 h. (B) Quantification of western blotting revealed the decrease of LC3-II/LC3-I protein expression levels following 3-MA treatment, and their increase following CQ treatment. Results were normalized to β-actin. Data are presented as the mean ± standard deviation of three series of experiments. (C) MC proliferation was evaluated by \[^3^H\]thymidine incorporation following treatment with 10^−7^ M Aldo in the presence or absence of 3-MA or CQ for 24 h. Treatment with 3-MA or CQ abrogated Aldo-induced proliferation. Data are presented as the mean ± standard deviation of six series of experiments. ^\#^P\<0.05 vs. control; \*P\<0.05 vs. Aldo alone. Aldo, aldosterone; MC, mesangial cell; LC3, microtubule-associated protein 1A/1B-light chain 3; Atg7, autophagy-related gene 7; 3-MA, 3-methyladenine; CQ, chloroquine.](MMR-14-05-4638-g02){#f3-mmr-14-05-4638}

![Inhibiting autophagy with siRNA-Atg7 prevented Aldo-induced MC proliferation. (A) MCs were transfected with 20 nM siRNA-Atg7 or siRNA-con as a control. A total of 24 h post-transfection, MCs were treated with 10^−7^ M Aldo for a further 24 h. Western blot analysis revealed the protein expression levels of LC3-II/LC3-I, Atg7 and β-actin. (B) Quantification of western blotting revealed the decrease in LC3-II/LC3-I and Atg7 protein expression levels following siRNA-Atg7 transfection. Results were normalized to β-actin. Data are presented as the mean ± standard deviation of three series of experiments. (C) MC proliferation was evaluated by \[^3^H\]thymidine incorporation following siRNA-Atg7 transfection. Transfection with siRNA-Atg7 abrogated Aldo-induced proliferation of MCs. Data are presented as the mean ± standard deviation of six series of experiments. ^\#^P\<0.05 vs. control; \*P\<0.05 vs. Aldo alone. siRNA, small interfering RNA; Atg7, autophagy-related gene 7; Aldo, aldosterone; MC, mesangial cell; con, control; LC3, microtubule-associated protein 1A/1B-light chain 3; con, control.](MMR-14-05-4638-g03){#f4-mmr-14-05-4638}
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